Excess nitric oxide (NO) induces apoptosis in some cell types, including macrophages. Heat shock protein of 70 kDa (hsp70) has been reported to protect cells from various stresses, including apoptosis-inducing stimuli. Several mammalian cytosolic DnaJ homologs, partner chaperones of hsp70 family members, have been identified. We asked if a DnaJ homolog is required to prevent NO-mediated apoptosis. When mouse macrophage-like RAW 264.7 cells were treated with an NO donor, SNAP, apoptosis occurred. This apoptosis could be prevented by pretreatment of the cells with heat or a low dose of SNAP. Under these conditions, levels of hsc70 (an hsp70 member) remained unchanged, whereas hsp70 was markedly induced. Of the DnaJ homologs dj1 (hsp40/hdj-1) was strongly induced and dj2 (HSDJ/hdj-2) was moderately induced. In transfection experiments, hsp70, hsc70, dj1 or dj2 alone was ineffective in preventing NO-mediated apoptosis. In contrast, both dj1 and dj2, in combination with hsc70 or hsp70, prevented the cells from apoptosis. The hsp70-DnaJ chaperone pairs exerted their anti-apoptotic effects upstream of caspase 3 activation, and apparently upstream of cytochrome c release from mitochondria. Cell Death and Differentiation (2001) 8, 357 ± 366.
Introduction
Nitric oxide (NO) is an important multifunctional biomolecule involved in a variety of physiological and pathological processes. 1 ± 4 In pathological processes, NO has bactericidal or tumoricidal effects and acts as a host defence agent. 4 However, excess NO production is toxic to the host, 5 and is thought to be the cause of diseases such as septic shock, autoimmune disease, cerebral infarction, and diabetes mellitus. NO-mediated apoptosis is often observed in such cases. 6, 7 NO has several cytotoxic effects, including reactions with proteins and nucleic acids. The main targets of NO in proteins are the SH group and Fe of active sites, especially Fe 2+ in heme. In the nucleus, NO has been shown to cause mutations of genes and inhibition of DNA repair enzymes and to mediate DNA strand breaks. In several types of cells, including macrophages, chondrocytes, and neurons, NO has been shown to mediate apoptosis. 7 Heat shock proteins are induced in response to various stresses and to protect cells from such stresses. 8, 9 The major heat shock proteins can be divided into several groups based on both size and function. Some heat shock proteins are constitutively expressed and act as molecular chaperones. Members of the hsp70 family are involved in the folding and intracellular transport of newly synthesized proteins. 10, 11 To protect cells from various stresses, hsp70s bind to damaged and misfolded proteins, and facilitate their refolding or target severely damaged proteins for degradation. 8 hsp70 also protects cells from the apoptosis induced by various stresses and agents including NO, oxidative stress, tumor necrosis factor, anti-cancer drugs, ceramide and radiation. 8 However, the mechanism of the antiapoptotic effect of hsp70 is not fully understood. DnaK, the hsp70 homolog of Escherichia coli, is regulated by other molecular chaperones, DnaJ and GrpE. 11, 12 Several mammalian DnaJ homologs (hsp40 family members) have been identified, 13 and it seems likely that hsp70 family members are regulated by these homologs. Major DnaJ homologs in mammalian cytosol are dj1 (hsp40/hdj-1) and dj2 (HSDJ/hdj-2). dj2, but not dj1, has the CaaX prenylation motif at its COOH terminal and is farnesylated.
14 One report suggested the refolding of luciferase by hdj-1 (dj1)-hsc70 (heat shock cognate 70), 15 whereas another report indicated that hsp40 (dj1)-hsc70 prevented thermallydenatured luciferase from insoluble aggregate. 16 In contrast, we found that dj2-hsc70, rather than dj1-hsc70, facilitates mitochondrial protein import and luciferase refolding. 17 Hence, we asked if a DnaJ homolog is required to prevent NO-mediated apoptosis, and if so, which member is required. We found that dj1-hsp70 and dj2-hsp70 chaperone pairs are both effective in preventing NOmediated apoptosis in RAW 264.7 macrophages and that they prevent apoptosis at the upstream of caspase 3 activation, and apparently at the upstream of cytochrome c release from mitochondria.
Results
Heat pretreatment prevents NO-mediated apoptosis in RAW 264.7 cells
When mouse macrophage-like RAW 264.7 cells were treated with E. coli lipopolysaccharide (LPS) and interferon-g (IFN-g) for 12 h, inducible NO synthase (iNOS) was highly induced and a large amount of NO was produced. 18 Under these conditions, morphological changes characteristic of apoptosis occurred ( Figure 1A,B) . Round-shaped cells and apoptotic bodies were observed in phase-contrast images, and chromatin condensation and nuclear fragmentation were seen in case of Hoechst dye 33258 staining ( Figure 1A , c and d). These apoptotic changes were strongly prevented by adding an NO scavenger carboxy-PTIO ( Figure 1A , i and j). 18 Therefore, LPS/IFN-g induces apoptosis in RAW 264.7 cells, and this apoptosis is mediated by NO.
Heat treatment induces heat shock proteins, including hsp70, in cells. It has been reported that hsp70 protects cells from the apoptosis induced by various stresses and agents. 8 Therefore, we asked whether heat treatment would protect cells from LPS/IFN-g-induced apoptosis. When RAW 264.7 cells were heated at 428C for 2 h before LPS/IFN-g treatment, apoptosis was prevented ( Figure 1A , e and f). This anti-apoptotic effect by heat treatment is not due to the suppression of NO production Figure 1 NO-mediated apoptosis in RAW 264.7 cells is prevented by heat pretreatment. (A) Cells were untreated or heated at 428C for 2 h, allowed to recover at 378C for 1 h, and then treated with or without 150 mg/ml LPS and 100 U/ml IFN-g for 12 h. At the time of the addition of LPS/IFN-g, carboxy-PTIO (300 mM) was added to the medium, where indicated. After fixation, the cells were stained with a DNA-specific fluorochrome Hoechst dye 33258. Phase-contrast images (upper panels) and fluorescence images (lower panels) of the same fields are shown. Original magnifications: 6400. Bars, 10 mm. (B) The percentages of apoptotic cells were quantified and are shown as means+S.E. (n=3). More than 200 cells in each dish were analyzed for apoptosis. (C) Cells were untreated or heated at 428C for 2 h, allowed to recover at 378C for 1 h, and then treated with or without 150 mg/ml LPS and 100 U/ml IFN-g for 18 h. Then, NO 2 7 plus NO 3 7 in the medium was measured. The results are shown as means+S.E. (n=4) ( Figure 1C ). Heat treatment did not alter NO production, as based on NO 2 7 plus NO 3 7 in the culture medium.
Heat pretreatment prevents apoptosis induced by SNAP
We next examined whether the anti-apoptotic effect by heat treatment would also be effective in preventing the apoptosis induced by exogenously added NO (Figure 2 ). Addition of SNAP, an NO donor, induced apoptosis in RAW 264.7 cells ( Heat treatment induces heat shock proteins in RAW 264.7 cells
To determine if a heat shock protein(s) is involved in the antiapoptotic effect seen with heat treatment, we first examined expression of heat shock proteins by immunoblot analysis (Figure 3 ). The cells were heated at 428C for 2 h, recovered at 378C for 1 h and further cultured for 6 h at 378C in the presence or absence of SNAP. Among the hsp70 family members, hsc70 was present in control cells and was little changed by heat treatment. In contrast, hsp70 which was not detected prior to heat treatment, was markedly induced by Pretreatment with a low dose of SNAP induces heat shock proteins and prevents SNAP-induced apoptosis in RAW 264.7 cells
Endogenous or exogenous NO was reported to protect cultured hepatocytes from tumor necrosis factor-a-induced apoptosis by inducing hsp70. 19 Therefore, we asked whether pretreatment with a low dose of SNAP protects SNAP (high dose)-induced apoptosis in RAW 264.7 cells ( Figure 4A ,B). Treatment of RAW 264.7 cells with 0.1 mM SNAP did not induce apoptosis. When cells were treated with 0.1 mM SNAP for 3 h before 1.5 mM SNAP treatment, apoptosis was prevented.
We then examined expression of heat shock proteins by immunoblot analysis ( Figure 4C ). Cells were treated with 0.1 mM SNAP for 3 h, and further cultured for 6 h in the presence of 0.1 or 1.5 mM SNAP. hsc70 remained little changed by SNAP treatment. In contrast, hsp70 was markedly induced by treatment with 0.1 mM SNAP. Among the DnaJ homologs, dj1 was induced strongly by treatment. Addition of 1.5 mM SNAP after treatment with a low dose of SNAP somewhat suppressed the induction of hsp70 and dj1, however, their levels were still higher than those in control cells or cells treated with 1.5 mM SNAP alone. dj2 was decreased by treatment with 1.5 mM SNAP, and this reduction was completely prevented by pretreatment with 0.1 mM SNAP. The induced levels of hsp70, dj1 and dj2 by 0.1 mM SNAP were similar to those after heat pretreatment.
Coexpression of hsp70 and either dj1 or dj2 prevents SNAP-induced apoptosis in RAW 264.7 cells
To examine effects of the hsp70 and DnaJ family members on NO-mediated apoptosis, transfection experiments were done. RAW 264.7 cells were transiently transfected with expression plasmids for hsc70, dj1 or dj2 separately or in combination, then the cells were treated with SNAP. hsc70 was first used as an hsp70 family member because hsc70 was found to cooperate with dj2 in facilitating protein refolding and mitochondrial protein import. 17 When the cells were treated with 1.5 mM SNAP for 12 h, most cells (about 86%) underwent apoptosis ( Figure 5A,B) . When the cells were transfected with the hsc70 plasmid alone, SNAP-induced apoptosis was not prevented. Transfection with the dj1 or dj2 plasmid slightly stimulated apoptosis, perhaps because of an unbalance of the chaperone pairs. In contrast, when hsc70 and dj1 plasmids were cotransfected, about 44% (30% over basal level) of the cells escaped from apoptosis and showed normal cell and nuclear structures. Cotransfection of hsc70 and dj2 plasmids was also effective in preventing apoptosis, to a similar extent. Under these conditions, transfection efficiency assessed with a green fluorescent protein (GFP) plasmid, was 20 ± 30%.
Co-expression of hsc70 and dj1 was confirmed by double immunostaining ( Figure 5C ). When control cells were immunostained with an antibody against hsc70 or dj1, all cells were weakly positive. On the other hand, when the hsc70 and dj1 plasmids were cotransfected, some cells (about 25%) were strongly positive for both hsc70 and dj1.
We next compared the effect of hsp70 (inducible form) with hsc70 in transfection experiments (Figure 5D ,E; see also Figure 5A ,B). Transfection of hsp70 alone was not effective in preventing SNAP-induced apoptosis in RAW 264.7 cells. In contrast, when hsp70 and dj1 or dj2 plasmids were cotransfected, about 30% of cells escaped from apoptosis. Therefore, we conclude that both hsp70 and hsc70 are effective in preventing SNAP-induced apoptosis in combination with DnaJ homologs.
hsc70-DnaJ chaperone pairs prevent apoptosis upstream of caspase 3 activation
In the cascade of apoptosis, caspase proteases play a key role. 5 There are several subgroups in caspases, among which, caspase 3 activation is positioned downstream of the (C) Cells were treated as indicated on the top and cell extracts (30 mg of protein) were subjected to immunoblot analysis for hsc70, hsp70, dj1 and dj2 proteins positive for caspase 3 activity. When the hsc70 and dj1 expression plasmids were co-transfected, about 40% of the cells were caspase 3 activity-negative. These cells were morphologically normal as seen in phase-contrast microscopy. Cotransfection of hsc70 and dj2 plasmids was also effective in preventing caspase 3 activation. These results indicate that hsc70 and dj1 or dj2 chaperone pairs prevent apoptosis upstream of the caspase 3 activation.
Heat pretreatment prevents apoptosis upstream of cytochrome c release from mitochondria
While the cascade of NO-mediated apoptosis has not been fully clarified, cytochrome c release from mitochondria is thought to be involved in the process of caspase activation. 5 Therefore, we asked whether cytochrome c release from mitochondria would be prevented by heat pretreatment (Figure 7) . After heat and SNAP treatments, RAW 264.7 cells were fractionated into soluble fraction and particulate fraction containing mitochondria, using digitonin, and immunoblot analysis was performed. In untreated cells, cytochrome c was recovered exclusively in the particulate fraction, while it was recovered mostly in the soluble fraction after SNAP treatment. When the cells were heat-treated prior to SNAP addition, cytochrome c was almost completely recovered in the particulate fraction. Under these conditions, a mitochondrial matrix protein hsp60 was recovered exclusively in the particulate fraction, whereas a cytosolic protein glyceralde-
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Prevention of apoptosis by hsp70-DnaJ pairs T Gotoh et al hyde 3-phosphate dehydrogenase (G3PDH) was recovered exclusively in the soluble fraction. Therefore, we propose that cytochrome c release occurs in NO-mediated apoptosis in RAW 264.7 cells and that this release is prevented by heat pretreatment, most likely by induction of hsp70-DnaJ chaperone pairs.
Discussion hsp70 protects cells from various stresses. 8 Although antiapoptotic effects of hsp70 have been reported in several systems, related mechanisms are unclear. In a rat insulinoma cell line, overexpression of hsp70 was reported to prevent NO-induced cell death, but its mechanism is unknown. 20 In heat-induced cell death, hsp70 was reported to inhibit the activation of the stress-activated protein kinase SAPK/JNK (cJun N-terminal kinase) and the processing of caspase 3. 21 On the other hand, the site of hsp70 action was suggested to be downstream of caspase 3 in tumor necrosis factor-a (TNFa)-induced apoptosis. 22 In addition, the overexpression of hsp70 prevented heat-induced apoptosis, but not Fas-mediated apoptosis in a Jurkat T cell line. 23 In these studies, however, participation of a DnaJ family member(s) was not given attention. In the present study, we found that hsp70-dj1 or dj2 pairs prevent NO-mediated apoptosis in RAW 264.7 cells. Overexpression of hsp70 alone was not effective in preventing apoptosis.
The relationship between hsp70 and DnaJ family has been studied in a protein folding system.
11 Nascent polypeptide chains on ribosomes and unfolded polypeptides under stressed conditions are susceptible to aggregation because hydrophobic residues are exposed. Therefore, suppression of aggregation is essential to maintain proteins in a state competent for folding and acquiring active conformation. hsp70 binds to hydrophobic regions of unfolded polypeptides and prevents aggregation. The interaction of hsp70 with polypeptides is regulated by the binding of ATP to ATPase domain of hsp70. hsp70's actions are facilitated by cochaperones such as members of the DnaJ family. DnaJs stimulate ATPase activity of hsp70. We earlier reported that both hsc70 and dj2 are required for protein folding and for protein import into mitochondria in vitro. 17 It was also reported that dj2 is involved in the recognition of misfolded proteins and protein biogenesis in vivo. 24, 25 In the present study, we found that dj1 or dj2 is also D E needed for the anti-apoptotic function of hsp70. The hsp70-DnaJ pair exerts anti-apoptotic functions upstream of caspase 3 activation, and apparently of cytochrome c release. Recently, it was proposed that the maintenance of proper protein intermediate conformation might also be important for normal functions of many proteins, particularly those that participate in the assembly of transient complex structures and those that participate in signaling pathways. 13 Therefore, the hsp70-DnaJ chaperone system may be involved in the assembly of an antiapoptotic protein(s). The target molecule of the antiapoptotic actions of hsp70-dj1 or dj2 pair remains to be determined.
Materials and Methods
Plasmids pCAGGS-hsc70 and pCAGGS-hsp70, the mammalian expression plasmids for human hsc70 and hsp70 respectively, was constructed by inserting the full-length cDNA fragment for human hsc70 or hsp70 into Figure 6 Heat pretreatment or coexpression of hsc70 and dj1 or dj2 prevents NO-mediated caspase 3 activation in RAW 264.7 cells. (A) Cells were treated as indicated, extracts were prepared, and caspase 3 activity was measured, as described in Materials and Methods. The results are shown as means+S.E. (n=3). (B) Cells were transfected with insertless pCAGGS (a ± f), pCAGGS-hsc70 plus pCAGGS-dj1 (g and h), or pCAGGS-hsc70 plus pCAGGS-dj2 (i and j). 24 h after transfection, SNAP (1.5 mM) was added to the medium then the cells were cultured for 12 h. In e and f, the cells were heated at 428C for 2 h, allowed to recover at 378C for 1 h and SNAP was then added. Caspase 3 activity was detected in situ, as described in Materials and Methods. Phase contrast images (upper panels) and the XhoI site of the plasmid pCAGGS 26 after linker attachment. pCAGGS-dj1, a plasmid for human dj1, was constructed by inserting the full-length dj1 cDNA fragment of pQE-9/Hsp40 16 into the XhoI site of pCAGGS after linker attachment. pCAGGS-dj2, a human dj2 (HSDJ) expression plasmid, was as described. 14 
Materials
A monoclonal antibody against human/mouse hsc70 was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Monoclonal antibodies against human hsp70 and human hsp60 were obtained from StressGen Biotechnologies Corp. (Victoria, Canada). Anti-human dj1 and dj2 antibodies were those described previously. 
Cell culture and DNA transfection
Mouse macrophage-like RAW 264.7 cells were grown in Eagle's minimal essential medium supplemented with 10% fetal calf serum. Transfection of the cells with plasmids was carried out using Trans-IT-LT1 Polyamine (PanVera Corp., Madison, WI, USA) according to the protocol provided by the manufacturer.
Treatment of cells
RAW 264.7 cells were pretreated at 428C for 2 h and allowed to recover at 378C for 1 h or with a NO donor SNAP (S-nitroso-N-acetyl-DL-penicillamine, 0.1 mM) for 3 h, and then treated with a combination of E. coli LPS (serotype 0127:B8, Sigma Chem. Co., St. Louis, MO, USA, 150 mg/ml) and mouse IFN-g (100 U/ml) or SNAP (1.5 mM), for the indicated periods. A NO-scavenger carboxy-PTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, 300 mM] was added to the medium concomitantly with the addition of LPS/IFN-g or SNAP.
Immunoblot analysis RAW 264.7 cells were homogenized in 20 mM HEPES-KOH (pH 7.5) containing 1% Triton X-100, 20% glycerol, and 1 mM dithiothreitol. After centrifugation at 15 0006g for 10 min, the supernatants served as cell extracts for immunoblot analysis. Immunodetection was performed using ECL kits (Amersham Life Science, Buckinghamshire, UK), according to the protocol provided by the manufacturer. The chemiluminograms were quantified using a MacBAS bio-image analyzer (Fuji Photo Film, Tokyo, Japan).
Subcellular fractionation
Cell fractionation was done essentially as described. 27 Briefly, the cell suspension (about 5610 7 cells/ml) was mixed with an equal volume of digitonin (1 mg/ml) in phosphate-buffered saline (PBS), incubated at 258C for 5 min, then kept on ice for 5 min, and centrifuged at 15 0006g for 2 min. The supernatant served as the soluble fraction. The pellet containing mitochondria was dissolved in 0.5% Triton X-100 in PBS, insoluble material was removed by centrifugation, and the supernatant used as the particulate fraction.
Immunocytochemical staining RAW 264.7 cells were cultured on coverslips and transfected with plasmids as described above. The cells were fixed with 4% paraformaldehyde for 40 min at room temperature and treated with PBS containing 1% Triton X-100. The cells were then incubated with a mouse monoclonal antibody against hsc70 and a rabbit antiserum against dj1, and then with goat anti-mouse IgG conjugated with Cy2 and goat anti-rabbit IgG conjugated with Cy3 (Amersham) as second antibodies. The stained cells were observed under a fluorescence microscope.
Detection of apoptosis
To analyze morphological changes of nuclei, the cells were fixed, stained with Hoechst dye 33258 (8 mg/ml) for 5 min, washed with PBS, and observed under a fluorescence microscope. DNA fragmentation was detected by the terminal transferase-mediated dUTP-biotin nick end labeling method (TUNEL method), using an in situ apoptosis detection kit (Takara, Kusatsu, Japan) according to the protocol provided by the manufacturer. To detect DNA ladder formation, DNA was isolated from the cells as described, 28 separated on agarose gels, stained with ethidium bromide, and visualized by UV transillumination.
Measurement of caspase 3 activity
Caspase 3 activity was measured using the Caspase Assay System, Colorimetric (Promega, Madison, WI, USA) according to the protocol provided by the manufacturer. Caspase 3 activity-positive cells were detected using the PhiPhiLux-G 1 D 2 kit (OncoImmunin, Inc., College Park, MD, USA) according to the protocol provided by the manufacturer. Figure 7 Heat pretreatment prevents NO-mediated cytochrome c release in RAW 264.7 cells. Cells were heated at 428C for 2 h, allowed to recover at 378C for 1 h, and then treated with 1.5 mM SNAP for 12 h, as indicated on the top. Fractionation of the cells was done as described in Materials and Methods. Distributions of total protein in the soluble (S) fraction and the particulate (P) fraction were 65 and 35%, respectively. The soluble fraction and the particulate fraction (10 mg of protein) were subjected to immunoblot analysis for cytochrome c, hsp60 and G3PDH
